Small molecules that produce nonfunctional protein-protein complexes are an alternative to competitive inhibitors for the inhibition of protein functions. Here we target the activation of the small GTP-binding protein Arf1, a major regulator of membrane traffic, by the Sec7 catalytic domain of its guanine nucleotide exchange factor ARNO. The crystal structure of the Arf1-GDP/ARNO complex, which initiates the exchange reaction, was used to discover an inhibitor, LM11, using in silico screening of a flexible pocket near the Arf1/ ARNO interface. Using fluorescence kinetics and anisotropy, NMR spectroscopy and mutagenesis, we show that LM11 acts following a noncompetitive mechanism in which the inhibitor targets both Arf1-GDP and the Arf1-GDP/ARNO complex and produces a nonfunctional Arf-GDP/ARNO complex whose affinity is similar to that of the native complex. In addition, LM11 recognizes features of both Arf and ARNO near the Arf/Sec7 interface, a characteristic reminiscent of the paradigm interfacial inhibitor Brefeldin A. We then show that LM11 is a cell-active inhibitor that impairs Arf-dependent trafficking structures at the Golgi. Furthermore, LM11 inhibits ARNO-dependent migration of Madin-Darby canine kidney (MDCK) cells, demonstrating that ARNO is a target of LM11 in cells. Remarkably, LM11 inhibits the activation of Arf1 but not Arf6 in vitro, pointing to a possible synergy between Arf1 and Arf6 activation by ARNO in cell migration. Our design method shows that flexible regions in protein-protein complexes provide drugable sites with the potential to develop novel tools for investigating and inhibiting signaling pathways.
T
he discovery of small molecules that affect protein interactions is of crucial importance for the development of innovative therapeutics (1) (2) (3) and for the investigation of molecular pathways in cells (4, 5) . However, targeting protein interactions by competitive inhibitors is difficult, because small molecules must compete with large macromolecular partners (3) . We recently proposed a concept to inhibit protein functions, which we refer to as ''interfacial inhibition'' (6, 7) . Interfacial inhibitors bind to protein-protein complexes in or near their interface in the course of structural transitions, thereby converting the complexes into abortive conformations rather than preventing the interaction of their components. Nature provides most examples of interfacial inhibitors, of which some are used in human therapeutics, such as colchicine, vinblastine, or camptothecin (7) . The critical issue, however, is how to discover or design inhibitors that promote inactive conformations of protein-protein complexes. In this study, we focused on the activation of a small GTP-binding protein (SMG) by its guanine nucleotide exchange factors (GEFs). This reaction is of particular interest, because GEFs define the spatiotemporal specificity of SMG activation by collecting activation signals and stimulating the intrinsically slow GDP/GTP exchange. GEFs are therefore emerging as potential targets in diseases where SMGs are up-regulated, such as cancer or infections (reviewed in refs. 8 and 9) . This recently fostered the exploration of novel strategies for discovering competitive inhibitors acting either on the GEF (10) (11) (12) or on the SMG (13, 14) . An alternative strategy, independent of the nature of the inhibition mechanism, was also devised by using an exchange assay reconstituted in yeast (15) .
Here we seek to inhibit the activation of Arf1, a major regulator of cellular traffic (reviewed in ref. 16) , by the Sec7 catalytic domain of its GEF ARNO. Remarkably, the first known inhibitor of a GEF is the paradigm interfacial inhibitor Brefeldin A (BFA), which inhibits the activation of Arf1 by a subset of its GEFs (17) . BFA takes advantage of the fact that the GDP/GTP exchange reaction involves successive discrete steps, of which the initiating Arf-GDP/ Sec7 complex is hijacked by the drug (6, 18) (Fig. 1A) . To inhibit the activation of Arf1 by ARNO, which is BFA-insensitive, we target a pocket located near the Arf1/ARNO interface, using the crystal structure of an Arf1-GDP/ARNO complex that was captured by an E to K mutation in the catalytic site of ARNO (ARNO E156K hereafter; refs. 6 and 19). Combining in silico virtual screening to in vitro and cellular assays, we discover and characterize an inhibitor screened to inhibit the function of a SMG by producing a nonfunctional protein-protein complex.
Results

Structure-Based Identification of a Noncompetitive Inhibitor of Arf1
Activation by ARNO. The Arf1-GDP/ARNO E156K complex features a pocket near the Arf1/ARNO interface that comprises residues of Arf1 and ARNO and is remote from the site that binds BFA in BFA-sensitive ArfGEFs (Fig. 1B) . As seen by comparing the reaction intermediates trapped by BFA (6) , by the E/K mutation (6) , and by removal of GDP (20) , this pocket persists throughout the exchange reaction but undergoes large conformational changes. We reasoned that small molecules targeting this pocket should stall the exchange reaction and selected 17 candidate inhibitors using in silico structure-based screening of the Chembridge database.
Inhibition activities of the selected compounds (200 M) were measured by tryptophan or mant-nucleotide fluorescence kinetics using [⌬17]Arf1, a truncated form of Arf whose activation is independent of membranes (19) , and the Sec7 domain of human ARNO carrying four mutations that sensitize it to BFA (ARNO 4M hereafter) (21, 22) . One compound, LM11 (Fig. 1B) , reduced the apparent exchange rate constant (k app ) from 0.028 to 0.0078 s Ϫ1 . We controlled that addition of 0.01% Triton X-100 had no effect (data not shown), indicating that LM11 does not act by aggregation (23) . The apparent inhibition constant (k iapp ) was 49.7 Ϯ 8.0 M, a value in the same range as that found for BFA using ARNO 4M (15.0 Ϯ 1.1 M) or BIG1 (22) (Fig. 2A) . The Michaelis-Menten formalism has proven a convenient approximation to analyze the mechanism of GEFs and their inhibition (19, 22) . Its application to LM11 using Eadie-Hofstee linearization yielded parallel lines (Fig.  2B) , which rules out a competitive mechanism, in which LM11 and Arf1 would compete for the same binding site on ARNO. It also excludes a strictly uncompetitive mechanism such as that of BFA in which the compound would bind preferentially to the Arf1/ARNO complex (see Fig. 1 A) . Thus, LM11 acts by a noncompetitive mechanism.
Defining the Noncompetitive Mechanism of Inhibition of LM11. Noncompetitive inhibition profiles are complex to characterize, because they cover many possible mechanisms (3) . Based on the extensive biochemical knowledge on the spontaneous and Sec7-stimulated exchange reaction (6, (18) (19) (20) (21) (22) , we set up to identify which steps are affected by the inhibitor.
We first analyzed the effect of LM11 on spontaneous exchange on [⌬17]Arf1. LM11 inhibited mGDP/GTP exchange (k app ϭ 0.004 Ϯ 0.0002 and 0.0004 Ϯ 0.0004 s Ϫ1 without and with 150 M LM11) but had no effect on methylanthraniloyl GTP (mGTP)/ GTP exchange (k app ϭ 0.0006 Ϯ 0.0001 and 0.0005 Ϯ 0.0002 s Ϫ1 ) [supporting information (SI) Fig. 7A ], indicating that it acts before the formation of nucleotide-free Arf. We then investigated whether LM11 would inhibit ARNO-stimulated exchange beyond the formation of the nucleotide-free Arf1/ARNO intermediate. LM11 had no effect on the kinetics of GTP binding to a preformed nucleotide-free Arf1-ARNO complex (k app ϭ 0.088 Ϯ 0.011 and 0.085 Ϯ 0.009 s Ϫ1 ) (SI Fig. 7B ). We conclude from these experiments that LM11 acts upstream of the nucleotide-free intermediate in both the spontaneous and ARNO-stimulated exchange reaction, and that it does not compete with GTP.
To exclude that LM11 acts allosterically by promoting a conformation of either Arf1-GDP or ARNO that cannot form the Arf1-GDP/ARNO complex, we then measured the dissociation constants of this complex by fluorescence anisotropy (Fig. 2C) . Using the BFA-sensitive ARNO 4M , the apparent K d was in the 150-200 M range in the absence of inhibitor and decreased to 8.6 Ϯ 0.7 M in the presence of BFA (100 M), in agreement with its uncompetitive mechanism. In contrast, addition of 100 M LM11 did not modify the apparent K d , which would have been the case if the formation of the complex was impaired upon binding of the drug. This experiment further rules out unspecific inhibitor aggregation (23) . Exclusion of an allosteric effect allows us to conclude that LM11 binds to Arf1-GDP/ARNO and induces a nonproductive complex whose stability is similar to that of the noninhibited complex.
LM11 Targets Arf1-GDP and ARNO in Regions Close to the Arf/ARNO
Interface. The in silico screen model predicts that LM11 recognizes both ARNO and Arf1-GDP, which is compatible with its inhibitory mechanism. To probe it, we first analyzed the activity of LM11 toward two ARNO constructs carrying mutations in the screened interfacial pocket, R152E or N201A (Fig. 1B) , both of which support efficient activation of Arf1 (24) . Both mutations resulted in a reduced sensitivity of the exchange reaction to LM11 as seen by the increase of k iapp (Fig. 3A) , indicating that LM11 is sensitive to ARNO features in the target pocket. We then analyzed the binding of LM11 to 15 N-labeled [⌬17]Arf1-GDP using NMR HSQC chemical shift mapping of LM11. Chemical shift variations were localized and of small amplitude, indicating that LM11 binds to Arf1-GDP but does not induce nonspecific denaturation or major conformational changes of the protein. (Fig.  3 B and C; assignments and chemical shifts in SI Tables 1 and 2 ).
No perturbation was observed at either the nucleotide or the BFA binding-sites, confirming that LM11 does not compete with nucleotides and that its binding site is distinct from that of BFA. The largest chemical-shift variations (⌬␦ 1 H ϩ ⌬␦ 15 n Ͼ 0.1 ppm) were located in or near the switch 1 region and the interswitch, with a significant overlap with residues comprised in the pocket of the in silico screen (Fig. 3 C and D; SI Table 2 ). A few additional variations were also detected near the N-terminal helix pocket, which are close enough to the target pocket to respond to the propagation of local reorganization. Altogether, the NMR data indicate that LM11 has a discrete binding site on Arf1-GDP, and that this site is compatible with the screening hypothesis. Because NMR chemical-shift mapping is not sufficient to define the binding site at atomic resolution, details of LM11 interactions with Arf1-GDP and Arf1-GDP/ ARNO must now await crystallographic analysis.
Combined, the binding area of LM11 on Arf1-GDP, its sensitivity to ARNO mutations in the target pocket, and its ability to induce a nonproductive Arf1-GDP/ARNO complex qualifies it as an inhibitor targeting an interfacial surface of a protein-protein complex.
Specificity of LM11 in Vitro. We then analyzed the specificity of LM11 toward different SMG/GEF systems in vitro. We first controlled that LM11 had no effect on the activation of two members of the Rho subfamily by their GEFs, RhoA/Gef337 (0.0037 Ϯ 0.0002 and 0.0028 Ϯ 0.0002 s Ϫ1 without and with 150 M LM11, respectively) and RhoG/TrioD1 (0.0037 Ϯ 0.0002 and 0.003 Ϯ 0.0001 s Ϫ1 ), indicating that it is specific for the Arf/ArfGEF system. We then compared the effect of LM11 on BFA-sensitive and insensitive Sec7 domains (Fig. 4) . LM11 inhibited the activation of [⌬17]Arf1 and [⌬14]Arf5 stimulated by the Sec7 domain of BIG1, a BFA-sensitive ArfGEF, which is active on classes I and II Arfs in vitro and functions at the Golgi (25) . It also inhibited with similar efficiency ARNO WT , which is naturally insensitive to BFA (26) , and its BFA-sensitive version ARNO 4M (respectively 49.7 Ϯ 8.0 and 50.1 Ϯ 5.5 M) (Fig. 2 A) . Finally, we measured the effect of LM11 on the activation of [⌬17]Arf1, [⌬14]Arf5 and [⌬13]Arf6, as representatives of Arf classes I, II and III, all of which are activated by ARNO in vitro (22) (Fig. 4) . Remarkably, LM11 inhibited ARNO-stimulated nucleotide exchange of Arf1 and Arf5, but it had no effect on Arf6, indicating that it distinguishes between the different Arf proteins. Such a specificity to Arf isoforms, previously established for BFA with BFA-sensitive ArfGEFs (22) , is consistent with the interfacial mechanism. LM11 Affects Golgi-Derived Trafficking Structures in HeLa Cells. Our preliminary analysis indicates that LM11 inhibits the activation of endogenous Arf proteins in HeLa cells, using a pull-down assay based on the interaction of GTP-loaded Arf proteins with their GGA3 effector (SI Fig. 8 ). We thus investigated the effect of LM11 on the morphology of trafficking structures at the Golgi, of which Arf1 is a key regulator (25) . We first checked that LM11 has no effect on the phalloidin-stained actin cytoskeleton in these cells (data not shown). Endogenous markers whose localization responds to BFA treatment (27) were then visualized by immunofluorescence confocal microscopy in HeLa cells treated with 100 M LM11 or BFA for 2 h (Fig. 5) . As BFA, LM11 caused the dispersion of two cis-Golgi markers, ␤COP and the KDEL receptor, from the perinuclear region into small punctate structures throughout the cytoplasm. Arf1 has also been implicated, in a less well established manner, in endosomal trafficking (28, 29) . LM11 induced the dispersion of TGN46, which cycles between the trans Golgi network and endosomes, but the resulting punctate structures were significantly larger than those resulting from BFA treatment. A direct effect of LM11 on endosomal structures was then analyzed with EEA1, an early endosome marker, which is present in punctate structures in control cells. Whereas BFA slightly concentrated the punctate structures in the perinuclear region, LM11 accumulated large structures, which resembled those labeled for TGN46. Together, these observations suggest that LM11 affects Arfdependent trafficking structures at the Golgi as predicted by its impairment of the activation of classes I and II Arfs in vitro. In addition, LM11 has a morphological effect on endosomal structures that differs from that of BFA.
LM11 Inhibits ARNO-Dependent Migration of MDCK Cells.
To probe whether LM11 inhibits ARNO in cells, we tested its effect on the migration of MDCK cells, which has been shown to depend on the activation of Arf proteins by ARNO (30, 31) . Using a wound closure assay and MDCK cells stably transfected with a doxycyclinerepressible wild-type ARNO construct (wt-ARNO), we first showed that LM11 inhibited the rate of migration of noninduced MDCK cells expressing endogenous levels of ARNO (expression repressed with doxycycline, Fig. 6A Left) . The effect of LM11 was then measured in cells expressing moderate levels of wt-ARNO (Ͻ8-fold over endogenous ARNO, without doxycycline). As previously reported, the rate of migration was increased by 54% by exogenous wt-ARNO expression compared with noninduced wt-ARNO MDCK cells ( Fig. 6A ; see also SI Movie 1a). LM11 fully inhibited the increase in migration rate resulting from ARNO expression, yielding the same migration rate after LM11 treatment in induced and noninduced wt-ARNO MDCK cells ( Fig. 6A ; see also SI Movie 1b). This effect was dose-dependent in both cases (Fig. 6B ). This suggests that the effect of LM11 in noninduced and wt-ARNO-expressing MDCK cells reflects its inhibition of endogenous and combined exogenous/endogenous ARNO activity, respectively. The activity of LM11 was then analyzed in MDCK cells depleted of ARNO by siRNA (Fig. 6C) . Silencing of ARNO inhibited the migration of MDCK cells after wounding to the same extent as LM11 treatment in naive MDCK cells (Fig. 6C) . Remarkably, LM11 had no more effect in ARNO-depleted MDCK cells (Fig. 6A) . Finally, we compared the effect of LM11 to that of BFA, which disrupts cis-and trans-Golgi structures in MCDK cells Ͼ15-20 M (C. Jackson, personal communication). BFA treatment at this concentration had no effect on the migration rate (data not shown), ruling out an indirect effect of LM11 on migration because of its inhibition of Arf functions at the Golgi. Together, these experiments strongly suggest that the inhibition of MDCK cells migration by LM11 is mediated by its specific inhibition of ARNO.
Discussion
Inhibition of Protein Functions by Targeting a Protein-Protein Com-
plex. We recently proposed that signaling protein-protein complexes undergoing conformational motions feature cavities in or near their interfaces that are appropriate for the design or screening of inhibitors (7) . In this work, we have taken advantage that the Sec7-stimulated activation of Arf has been described in exceptional detail by crystallographic structures (6) for the structure-based discovery of LM11, a noncompetitive inhibitor that targets the Arf1-GDP/ARNO complex, and we demonstrate that the inhibitor is active in cells toward both Arf1 and ARNO functions. Based on our kinetics, fluorescence anisotropy, mutagenesis, and NMR analysis, we propose that LM11 binds to both Arf-GDP and the Arf-GDP/ARNO complex, yielding a ternary complex of affinity similar to that of the normal reaction intermediate but impaired for the conformational conversion that decreases the affinity for GDP and yields the nucleotide-free complex (Fig. 1 A) . Our data indicate that LM11 recognizes both components of the complex, suggesting that the expected increase in affinity of the Arf-GDP/ARNO complex because of complex/inhibitor interactions may be compensated for by a less-than-optimal protein/protein interaction between Arf-GDP and ARNO because of the inhibitor. We surmise that LM11 takes advantage of the flexibility of the switch 1 region of Arf1-GDP, which can be observed in unbound Arf1-GDP using NMR dynamics (V. Buosi, C. van Heijenoort, and E. Guittet, personal communication), which results in favorable characteristics for binding a small molecule. In this respect, LM11 probably uses, at the level of a protein-protein complex, adaptive physicochemical characteristics similar to those previously described for unbound proteins within the surface that they use to form protein-protein interactions (32, 33) . Remarkably, the effect of LM11 on both trafficking structures and MDCK migration was strong and rapid despite its modest k iapp . This highlights the kinetics component of the inhibitory response, as described for the interfacial inhibitor BFA, in which the inhibitor, by yielding a nonfunctional protein-protein intermediate, stalls the reaction on a sufficiently long timescale for the biological effects to manifest. The discovery of this noncompetitive inhibitor emphasizes that flexible/ dynamic regions appearing in protein-protein complexes provide ''drugable'' sites.
A Tool to Investigate BFA-Insensitive Arf Pathways in Cells. To date, the substrate specificity of ARNO in vivo has proven difficult to resolve, notably because ARNO and Arf6 are not sensitive to BFA (22, 26) . On the one hand, ARNO is active on both Arf1 and Arf6 in vitro with a strong preference for Arf1 (22, 26, 34) . On the other hand, ARNO significantly activates Arf6 in cells and is recruited to sites of Arf6 activity at the plasma membrane (30) , and it is involved in the migration of MDCK cells (30, 31) , a process believed to involve Arf6 preferentially to Arf1. The unique ability of LM11 to selectively inhibit Arf1, but not Arf6, activation by ARNO in vitro, while strongly inhibiting ARNO-dependent migration in vivo, addresses the question of an unexpected involvement of Arf1 activation by ARNO in addition to Arf6 in this process, as suggested in ref. 35 . LM11 should now provide a novel tool for future investigations of endogenous BFA-insensitive Arf pathways and of the promiscuity of the ARNO family for Arf1 and Arf6 in cells. In conclusion, our study provides the proof of principle that small molecules that target protein-protein complexes, including lowaffinity intermediates, can yield cell-active inhibitors. Such molecules should be instrumental in deciphering cellular pathways and elucidating their specificity, with the potential for development into new therapeutic compounds.
Materials and Methods
Proteins and Reagents. All Arf and Sec7 constructs and mutants were expressed and purified as described in ref. Virtual Screening. Structure-based screening for inhibitors was targeted at an interfacial pocket identified with the ''binding site'' module in Insight II (Accelrys, Cambridge, U.K.). The pocket was first screened for the binding of small fragments with the LUDI module of Insight II. The five fragments with higher scores were used to filter the Chembridge Express-Pick virtual library using the MDL.ISIS/Base software (Elsevier, Amsterdam, The Netherlands), yielding 3,227 commercially available compounds of Ͻ500 Da containing at least one fragment. These compounds were then docked into the pocket (defined as all atoms within 10 Å of Asn-201 in ARNO) by using FlexX 1.13.1 (Tripos Associates, Villebon, France). Standard parameters were used for iterative growing and subsequent scoring of FlexX poses as described in ref. 37 . Docking positions closer than 5 Å to Asn-201 and with a score smaller than Ϫ25 were reranked with X-Score (http://sw16.im.med.umich.edu/ software/xtool), which has a more accurate estimation of binding free energies, from which 17 compounds were selected by visual inspection of the top 113 scores. NMR Spectroscopy. 2D and 3D NMR spectra (2D-HSQC, 3D-HSQC NOESY, and 3D-HSQC TOCSY) were recorded on a Bruker (Billerica, MA) Avance 500 NMR spectrometer by using a 5-mm TXI z-grad cryo-probe at 300 K. The sample contained 1 mM 15 N[⌬17]Arf1 in 50 mM Tris⅐HCl/150 mM NaCl/50 M GDP/0.5
